Objective: The aim of the study was to evaluate long-term ovarian function after allogeneic hematopoietic stem cell transplantation (HSCT) in childhood and adolescence. Subjects and methods: Predictive factors for ovarian function were evaluated among 92 adult or pubertal female survivors transplanted at Huddinge and Helsinki University Hospital during 1978-2000, at a mean age of 9G4.3 years (range 1-19). At the time of the study a meanGS.D. of 13G5.5 years (range 6-27) had elapsed since the HSCT and the mean age of the participants was 22G6.3 years (range 9-41). Results: Spontaneous puberty based on breast development occurred in 40 and menarche in 30 of the 70 girls who were prepubertal at transplantation. Six out of 20 girls who received HSCT after initiation of pubertal development recovered their ovarian function. Younger age at HSCT, conditioning without total body irradiation (TBI), and a non-leukemia diagnosis predicted the spontaneous menarche. The incidence of menarche was higher after fractioned vs single fraction TBI (P!0.05), cyclophosphamide (Cy) vs busulfan (Bu)-based conditioning (P!0.05), and among leukemia patients transplanted at first remission vs later remissions (P!0.01) and with no cranial irradiation (cranial radiotherapy, CRT) vs given CRT (14-24 Gy) (P!0.01). The majority of recipients conditioned with only Cy vs TBI (P!0.001) or vs Bu-based regimens (P!0.01) showed preserved ovarian function and required no estrogen replacement at their latest follow-up visit at a mean age of 23G6.3 years (range 15-41). Ten women became pregnant. Conclusions: Patients conditioned with TBI or Bu-based regimes are at high risk of ovarian failure. Intensive antileukemia therapy before HSCT including CRT especially among relapsed patients may further decrease the possibility of spontaneous menarche.
Introduction
The ovary is particularly sensitive to the adverse effects of cancer treatment because of the finite number of germ cells present in the postnatal ovary (1, 2, 3) . Incomplete pubertal development has been reported to occur in w50% of prepubertal girls following hematopoietic stem cell transplantation (HSCT) (4, 5, 6) . The age at transplantation is critical; ovarian failure in adult women is usually irreversible, whereas in prepubertal girls, there is a better chance of a subsequent recovery and achievement of spontaneous menarche (7, 8, 9) . The risk of ovarian failure is dependent upon the conditioning regimen (6, 7, 9, 10) . Total body irradiation (TBI), used in the preparative regimens for hematological malignancies, is deleterious to gonadal function (5, 6, 7) . Fractionation of the irradiation reduces the effect on the ovaries (7); girls treated with 12 Gy fractionated TBI (fTBI) are five times more likely to have a spontaneous recovery of the ovarian function than girls receiving single dose of TBI. The use of busulfan (Bu) is also associated with a high incidence of gonadal failure (9, 11) . Prepubertal patients conditioned with cyclophosphamide (Cy) for severe aplastic anemia (SAA) usually have a normal puberty (10) .
The overall incidence of pregnancy following HSCT is known to be low (!2%) with the exception of patients transplanted for SAA conditioned with Cy only (12-27%) (10, 12) . In general, studies indicate that fertility is most likely to be preserved in patients who undergo transplantation at young age and in those who receive non-TBIbased conditioning regimens.
Although data from retrospective cohort studies exist estimating the risk of pubertal problems and gonadal failure after HSCT, there are limited data comparing the reproductive risk of different conditioning regimens. There are also significant gaps in knowledge about females who will resume menstrual function after HSCT. In this retrospective cohort study, we evaluated signs of spontaneous puberty and menarche, need of estrogen substitution, and the outcome of conception in a cohort of 92 consecutive long-term survivors of allogeneic HSCT at childhood or adolescence at Huddinge and Helsinki University Hospitals. We describe here the natural history of ovarian dysfunction after conditioning regimens with and without TBI and provide information about premature menopause after HSCT in childhood and adolescence. A special strength of this study is the extended (median 13 years) longitudinal follow-up into puberty and adulthood of a defined cohort of stem cell transplanted girls and young women.
Subjects and methods

Patients and follow-up program
The female long-term survivors who were !20 years of age when receiving allogeneic HSCT at Karolinska University Hospital Huddinge, Stockholm, Sweden or Children's Hospital, Helsinki University Central Hospital, Helsinki, Finland, between 1978 and 2000 were identified through hospital records and enrolled in the study assessing longterm health outcome of childhood HSCT. The total number of female patients transplanted during this period was 104 in Huddinge and 80 in Helsinki. Among the total patient population, 102 females survived more than 5 years after HSCT. Out of these, 92 females (46 in Helsinki and 46 in Huddinge) had reached puberty or sexual maturity or showed ovarian failure (increased gonadotropin levels associated with failure to start or accomplish spontaneous puberty); by their latest follow-up visit, they had available follow-up hospital records and were enrolled in the study. Patient characteristics are listed in Table 1 .
The follow-up program initially consisted of a semiannual and later annual contact at the outpatient clinic including complete late effect evaluation with clinical and Persistently elevated levels of FSH (O25 IU/l) and absence of breast development were considered consistent with absence of spontaneous puberty. Premature menopause was documented by increased serum levels of FSH and failure to accomplish pubertal maturation or cessation of menstruation among girls who showed some ovarian activity after HSCT. Ovarian failure was documented by increased serum FSH levels, with no ovarian activity after HSCT. Study patients were classified into three groups according to the treatment they had received before HSCT: i) leukemia group (acute myeloid leukemia (AML) nZ24 and acute lymphoblastic leukemia (ALL) nZ33); ii) patients with SAA (nZ13); and iii) others (nZ22); a heterogeneous group of patients with nonmalignant disorders or malignant diseases without cytotoxic therapy given before HSCT. Patients were further divided into three groups according to their pubertal status at HSCT: i) prepubertal (Tanner 1); ii) midpubertal (Tanner 2-3); and iii) latepubertal/postpubertal (Tanner 4-5). The Research Ethics Committees of Helsinki University Hospital and Karolinska University Hospital Huddinge approved the study.
Treatment characteristics
Treatment characteristics were collected from the hospital records. All leukemia patients were treated according to the consecutive Nordic protocols for ALL (since 1982) and AML (since 1984) (13, 14) . Cy 120 mg/kg of body weight combined with 10 Gy single-fraction TBI (sTBI) was used as the standard conditioning for leukemia patients at the Karolinska University Hospital Huddinge during the years 1978-1995. fTBI at 12 Gy (3 Gy!4) was introduced in 1993. For patients with higher risk of leukemia relapse after HSCT, due to detectable pretransplant minimal residual disease or Philadelphia chromosome-positive ALL, etoposide (900 mg/m 2 ) was added to the preparative The number of study patients with different conditioning regimens is presented in Table 1 . The patients were further classified according to the conditioning characteristics into four groups: i) TBI-based conditioning (TBI), nZ71; ii) Bu-based conditioning (Bu) without TBI or TNI, nZ10; iii) conditioning with only Cy (Cy), nZ10; and iv) conditioning with chemotherapy and TNI without TBI (TNI), nZ1.
Statistical analysis
All data are presented as meanGS.D. and range. Statistical analyses were performed using the SPSS statistical software, version 20. Mann-Whitney U test (for continuous variables), Fisher's exact test, and c 2 test (for categorical variables) were conducted to test differences between the groups. A P value of %0.05 indicated statistical significance. Odds ratios (ORs) and 95% CIs were calculated using bi-and multivariate logistic regression analyses. Categorical predictors used in logistic bi-and multivariate regression analysis were the dummy variables (0/1) such as prepubertal at HSCT, leukemia diagnosis, SAA diagnosis, TBI, and single or fractioned TBI. The continuous variables were age at HSCT, follow-up time, serum level of FSH, and, for the leukemia group only, remission status at HSCT and cranial radiotherapy (CRT). One patient who received total nodal irradiation as the only form of irradiation was excluded from the analyses comparing the conditioning therapy.
development and 30 (45%) had spontaneous menarche (Table 2 ). Three mid-pubertal girls at HSCT had spontaneous menarche. The age for spontaneous puberty was 12.0G1.7 years (range 9-16) and for spontaneous menarche 13G1.7 years (range 9-17). Thirty girls needed hormonal induction of pubertal development and showed no spontaneous menarche. In multivariate logistics analysis, the only factor that significantly predicted spontaneous puberty was the age at HSCT (Table 3 ). For each increase of age of 1 year at the time of HSCT, the patient was 1.2 times more likely to not have a spontaneous puberty. All girls who received only Cy (200 mg/kg) as conditioning experienced spontaneous puberty and menarche (Fig. 1) . There was no difference in the incidence of spontaneous puberty or menarche among girls who received TBI compared with Bu-based conditioning (Fig. 1) . In bivariate logistic analysis, TBI (vs no TBI) and leukemia diagnosis (vs no leukemia diagnosis) significantly decreased the probability of spontaneous menarche (Table 3 ). In multivariate step-wise analysis, TBI was the only significant predictor of no spontaneous menarche (Table 3) . Chronic GvHD did not influence spontaneous puberty or menarche (Fig. 1) .
Patients with a diagnosis of other than SAA had a six times higher probability to have no spontaneous menarche (Table 3) . Patients with leukemia showed lower incidence of spontaneous menarche compared with patients with SAA (Fig. 1 ). Leukemia survivors with previous CRT and those transplanted in R2nd remission had lower incidence of spontaneous menarche than those with no CRT and those transplanted in the first remission (Fig. 1) . Ten prepubertal leukemia survivors had received CRT with the dosage ranging from 14 to 24 Gy before HSCT: nine of them were transplanted in R2nd remission and four conditioned by sTBI and six by fTBI. Two of these girls had spontaneous puberty, but none of them had spontaneous menarche. Altogether, 22 prepubertal leukemia survivors had received transplantation in R2nd remission. Eight of them had spontaneous puberty, and only two had spontaneous menarche.
Estrogen substitution at the latest follow-up visit
Altogether 55 out of 83 (66%) study patients with available treatment data received estrogen replacement therapy at their latest follow-up visit at a mean age of 23G6.3 years (range 15-41) after a mean follow-up time of 14G6.0 years (range 6-27) since the HSCT (Table 2) . Forty-one of the 70 (59%) girls who were prepubertal at transplantation 
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www.eje-online.org needed estrogen substitution at their latest follow-up visit. Twenty-seven of them showed no ovarian activity after HSCT and 14 initiated spontaneous puberty but entered into premature menopause at 11G4.4 (range 6-21) years after HSCT, at a mean age of 17G3.1 (range 13-25). Three midpubertal girls had documented spontaneous menarche after HSCT and two of them entered premature menopause at 5 and 13 years after HSCT, at the age of 18 and 22 years respectively. The survivors with premature menopause did not differ from the survivors with residual ovarian function in terms of age at HSCT, underlying disease, or type of conditioning treatment. Altogether 14 of the 20 (70%) women who received HSCT after initiation of pubertal development received estrogen replacement therapy at their latest follow-up visit (Table 2) . Six women recovered their menstrual function and needed no estrogen therapy ( Table 2) . None of the girls who received conditioning containing only Cy required estrogen replacement therapy. A higher proportion of patients conditioned with TBI (P!0.001) or with Bu (P!0.01) needed estrogen replacement therapy compared with those conditioned with Cy ( Fig. 1) . No association to chronic GvHD was detected (Fig. 1) . In bivariate logistic analysis, the only significant predictor for the use of estrogen substitution at the latest follow-up visit was conditioning with sTBI, and for no use of estrogen with the diagnosis of SAA (Table 3) .
Serum FSH levels
Information about serum levels of FSH from the pubertal or postpubertal period was available for 76 survivors (Table 4) . Serum FSH levels were measured 7G4.9 years (range 0.1-21) after transplantation at the mean age of 
15G3.7 years (range 8-30).
Measurements from the prepubertal period or after initiation of estrogen substitution were excluded. Significantly higher serum levels of FSH were detected among survivors who had received TBI or Bu-based conditioning compared with those with regimens containing only Cy (Table 4) . No association to remission status of leukemia at HSCT, cranial irradiation (CRT) before HSCT, or chronic GvHD was detected. All 11 leukemia patients with CRT who had serum FSH measured showed serum FSH above the normal reference range and ten of them had serum FSH at menopausal level (O25 IU/l). In logistic regression analysis, the probability of spontaneous menarche was strongly correlated to serum levels of FSH. For each increase of FSH with 1 IU/l, the patient was 1.035 times more likely to not have spontaneous menarche.
Fertility
Ten women out of the 92 survivors had a total of 14 pregnancies and gave birth to 12 children (Table 5) . Three of the children were born premature (gestational weeks 25, 27, and 32) and the others were born full-term. Four of the parenting women had leukemia and received fTBI.
Six women had nonmalignant diagnoses and three of them had received Bu-based conditioning, two only Cy, and one sTBI with ovarian shielding.
Discussion
This cohort study reports the natural history of ovarian dysfunction in 92 consecutive pubertal or adult female survivors after an allogeneic HSCT at childhood or adolescence at Huddinge or Helsinki University Hospitals. The novel aspect and strength of this study are the extended (median 13 years) longitudinal follow-up into puberty and adulthood of a well-defined cohort of stem cell transplanted girls and young women. Failing ovarian function associated significantly to age at HSCT, which confirms the earlier observations that very young patients with larger ovarian reserves have better chances, at least temporarily, to recover their ovarian function after HSCT (7, 8, 9) . Altogether, 41 out of 70 (59%) prepubertal girls, 11 of 12 (92%) midpubertal girls, and three of eight (38%) postpubertal girls at HSCT needed sex hormone replacement therapy by their latest clinical visit. The majority of patients with estrogen substitution showed no spontaneous ovarian activity after HSCT, which suggests that they sustained ovarian failure at the time of HSCT. Altogether, 14 out of 40 prepubertal girls and two out of three midpubertal girls temporarily recovered their ovarian function after HSCT with spontaneous pubertal development or spontaneous menarche, but had a premature cessation of ovarian function at a very young age of 17 and 20 years respectively. The identification of this patient group will remain a major challenge for fertility counselling because ovarian recovery in these women is likely to be followed by a premature menopause. The period of recovery may be a window of opportunity to conceive naturally (12) or by assisted conception techniques (15) and the patients may benefit from fertility preservation techniques such as cryopreservation of mature oocytes. Only regular follow-up can identify this period of recovery. Girls and young women conditioned with TBI or Bu-based regimens were shown to be at an equally high risk of declining ovarian function and premature menopause compared with patients conditioned with Cy only. TBI was especially damaging when given in a single fraction. The anti-leukemia therapy including CRT before HSCT or transplantation after disease relapse further decreased the possibility to retain ovarian function among leukemia patients. The use of CRT at high doses (O30 Gy) can potentially damage the hypothalamic pituitary region and result in gonadotropin-releasing hormone deficiency (16) . In this study, none of the patients treated with CRT (14-24 Gy) showed signs of hypogonadotrophic hypogonadism. Instead, serum levels of FSH were at menopausal level in ten of the 11 patients who received CRT. It is therefore more probable that intensive conventional chemotherapy that associated to CRT especially among relapsed patients (nine of ten prepubertal girls transplanted in R2nd remission had received CRT) caused direct ovarian damage and led to lack of spontaneous menarche. Altogether ten females transplanted under the age of 20 became pregnant during the follow-up. Four women with leukemia conceived after fTBI and three women after Bu-based conditioning. One woman became pregnant after sTBI. Her ovaries were protected by shielding, which encourages us to believe that shielding potentially preserves fertility after TBI (17) . Clearly, shielding is not always an option for patients with malignant diseases and novel fertility preservation methods need to be developed. If there is enough time for ovarian stimulation before initiation of gonadotoxic therapy, cryopreservation of mature oocytes for menstruating adolescent girls is currently the clinical option for parenting an own child (18, 19, 20) . If treatment cannot be delayed, cryopreservation of ovarian tissue offers a novel option for fertility preservation (18, 19, 20) also for young sexually immature girls (20) . Leukemia patients constitute an important group who could benefit from novel reimplantation techniques that have resulted in pregnancies and live births (19, 20) . However, concern has been expressed that the method possibly carries a risk of leukemia relapse (21, 22) . This study is limited by our inability to establish the precise incidence of fertility following HSCT because the wish to become a parent or the waiting time for a desired pregnancy was not recorded. The mean age of 23 years at the latest hospital visit is also low for both menopause and fertility studies and may only display the beginning of the fertile period among the oldest group of transplanted girls. Accordingly, in this study, six out of ten women who became pregnant were older than 10 years at the time of HSCT. Another limitation was a low number of leukemia patients treated with non-TBI conditioning. This prevented us from evaluating the effects of previous CRT on ovarian function among non-TBI conditioned patients and from studying whether intensive conventional chemotherapy (patients transplanted in R2nd remission) played a major role in a lower probability of spontaneous menarche.
In conclusion, while patients conditioned with Cy are likely to regain their ovarian function, only 29% of those conditioned with TBI and 25% of those with Bu-based regimens demonstrated long-term ovarian function and were without sex steroid replacement therapy at their latest follow-up visit. Failing ovarian function was more frequent among those who were older at HSCT and conditioned with TBI. The use of CRT for anti-leukemia therapy and transplantation in R2nd leukemia remission further decreased the possibility of spontaneous menarche. The majority of patients showed no ovarian activity after HSCT, suggesting that the entire follicle pool was depleted at HSCT. Some pre-and midpubertal survivors temporarily recovered their ovarian function but entered premature menopause at the ages of 17 and 20 years. For survivors with residual ovarian function, there will be prospects to conceive naturally and they may benefit from assisted conception techniques and fertility preservation after HSCT. 
